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The mouse Wnt-1 gene, a target for insertional activation in mouse mammary tumor virus-induced 
mammary tumors, encodes poorly secreted, cysteine-rich glycoproteins required for proper central nervous 
system development. We have been analyzing the biosynthesis of Wnt-1 proteins in several cell lines that express 
Wnt-1 cDNA from heterologous promoters. A protein of 78 kDa was found to be associated with the 
intracellular forms of Wnt-1 proteins in mammalian and avian cells by using multiple antisera against Wnt-1 
proteins. We have identified p78 as the binding protein BiP with anti-BiP antisera and by its release from Wnt-1 
immunoprecipitates upon incubation with MgCl 2 and ATP. Experiments with a Wnt-1 mutant that lacks the 
sequence encoding the signal peptide indicates that Wnt-1 proteins must enter the secretory pathway in order 
to interact with BiP. We demonstrate that Wnt-1 proteins are associated with BiP in cells in which active Wnt-1 
proteins are produced, such as a cultured mammary epithelial cell line and Wnt-1 transgenic mouse mammary 
tumor cells. The association of Wnt-1 proteins with BiP may be a factor in determining the efficiency of secretion 
of Wnt-1 gene products. 



The Wnt-l gene was originally identified as a target for 
insertional activation in mouse mammary tumor virus 
(MMTV)-induced mouse mammary tumors (31, 32, 49), and 
inappropriate expression of the Wnt-1 gene is believed to 
contribute to transformation of mammary epithelial cells. In 
support of this proposal, transgenic mice which express the 
Wnt-\ gene in the mammary gland develop mammary hyper- 
plasia and have a high incidence of mammary tumors (47). In 
addition, expression of a Wnt-l cDNA in cultured mammary 
epithelial cells leads to morphological transformation and 
altered growth properties (4, 39). The Wnt-l gene is a 
member of a large gene family, with at least 10 members 
identified in the mouse (9, 11, 26, 40, 41, 49). The mouse 
Wnt-l gene is expressed predominantly in the developing 
nervous systems of embryos and in spermatids of adult 
testes (43, 51). Mice homozygous for null mutations in the 
Wnt-l gene have severe abnormalities of the midbrain and 
cerebellum, suggesting a critical role for Wnt-l in central 
nervous system development (24, 46). In Drosophila mela- 
nogaster, the Wnt-l homolog is the gene wingless, whose 
protein product is a putative secretory factor that plays a 
role in establishing segment polarity during embryogenesis 
(38). 

The mouse Wnt-l gene encodes a 370-amino-acid polypep- 
tide that is rich in cysteines, contains four potential N-linked 
glycosylate n sites, and has an amino-terminal hydrophobic 
signal peptide (9, 49). In cell lines that express Wnt-l cDNA 
from a heterologous promoter, Wnt-l proteins enter the 
secretory pathway, where the signal peptide is apparently 
cleaved (3, 33, 34). Intracellular Wnt-l proteins consist of a 
36-kDa unglycosylated form and N-linked glycosylated 
forms with apparent masses of 38, 40, 42, and 44 kDa. 
However, Wnt-l proteins are poorly secreted, the majority 
remaining sequestered intracellularly in endoglycosidase-H- 
sensitive forms, presumably in the endoplasmic reticulum 
(ER) and early Golgi stacks prior to the point at which 
carbohydrate modifications conferring endoglycosidase-H 
resistance occur. Wnt-l proteins are thus believed to be 
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localized within the ER and early Golgi compartments. In 
addition, immunofluorescence analysis of Wnr-l-expressing 
cell lines indicated that Wnt-l proteins are localized predom- 
inantly within the ER (25, 45). However, endoglycosidase- 
H-resistant forms of 42 and 44 kDa have been detected in the 
extracellular medium (33); these forms are believed to be 
associated with the extracellular matrix or cell surface, since 
treatment of cultured cells with either suramin (35) or 
heparin (2) increases the amount in the medium. 

The retention of secretory proteins within the ER is often 
mediated by the immunoglobulin heavy chain-binding pro- 
tein, BiP (16) (also known as GRP78). The 78-kDa BiP 
protein is a member of the HSP70 family of heat shock 
proteins and is found in abundance within the ER (28). BiP 
binds to various misfolded or unassembled secretory pro- 
teins, including aberrantly glycosylated proteins (1, 5, 13, 20, 
29), incorrectly disulfide-bonded proteins (20), incompletely 
assembled multimeric proteins (1, 13, 16, 17), and other 
misfolded secretory proteins (18). BiP has been proposed to 
function by stabilizing nascent unfolded proteins until they 
adopt their correct conformation either by preventing the 
secretion of unassembled or misfolded proteins or by pro- 
moting the folding or assembly of secreted proteins (1, 6, 14, 
37, 42). In yeast, BiP function is required for translocation of 
secretory proteins into the ER (30, 50). 

Because Wnt-l proteins are retained within the ER and 
inefficiently secreted, we examined whether they interact 
with BiP within the secretory pathway. We report that in 
several different cell lines expressing Wnt-l proteins the 
intracellular forms of these proteins are associated with BiP. 
In addition, Wnt-l proteins must enter the secretory path- 
way in order to interact with BiP. 

MATERIALS AND METHODS 

Cell culture. 7dT cells were derived from primary Fisher 
rat embryo fibroblasts transformed by mutant c-Ha-ras (EJ 
ras) and expressing a Wnt-l cDNA under the control of the 
Moloney murine leukemia virus (Mo-MLV) promoter (3). 7R 
cells are Fisher rat embryo fibroblasts transformed with 
mutant c-Ha-raj. 7R and 7dT cells were maintained in 
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Dulbecco's Modified Eagle's medium (DMEM) supple- 
mented with 10% fetal calf serum, dexamethasone (10~* M), 
and 400 jig of G418 (Geneticin; GIBCO Laboratories, Grand 
Island, N.Y.) per ml. COS-7 cells were maintained in 
DMEM supplemented with 10% fetal calf serum. Quail QT6 
cells (27) were maintained in medium 199 containing Hanks' 
balanced salt solution supplemented with 2.95 g of tryptose 
phosphate broth per liter, 5% fetal calf serum, and 1% 
chicken serum (heat inactivated). C57MG cells (48) were 
maintained in DMEM supplemented with 10% fetal calf 
serum and 10 u.g of insulin (Sigma Chemical Co.) per ml. 
C57MG Wnt-1 cells are C57MG cells expressing a Wnt-l 
cDNA under the control of the Mo-MLV promoter and are 
maintained as C57MG cells with the addition of 400 fig of 
G418 per ml. 

Antisera. Ascites fluid containing mouse monoclonal anti- 
body raised against W/if-l-specific peptide A (residues 200 to 
212) and rabbit polyclonal serum against W/if-l-specific 
peptide B (residues 275 to 289) have been described previ- 
ously (3). Rabbit serum C34 was generated using Escherichia 
co//-expressed Wnt-1 protein as the antigen. Rat anti-mouse 
BiP monoclonal antibody (1) was kindly provided by David 
Bole (University of Michigan, Ann Arbor). 

Expression in COS and QT6 cells. The generation of a 
Wnt-1 cDNA that no longer encodes the N-terminal hydro- 
phobic leader sequence from codons 2 to 27 has been 
described previously (23). Wnt-1 and WnM(AL) cDNAs 
were subcloned into pON expression vectors (12) that utilize 
the cytomegalovirus immediate early promoter/enhancer to 
drive expression. The plasmids pON Wnt-1 and pON Wnt- 
1(AL) were generated by inserting 1.9-kb Xbal-Hindlll 
fragments (the Xbal staggered end was made flush by using 
Klenow fragment) bearing Wnt-1 cDNAs into / > vwll-///>idlll- 
digested plasmid pON 249 (12). 

COS-7 cells were transfected with 5 u.g of plasmid per 
100-mm dish in the presence of 400 u.g of DEAE-dextran per 
ml followed by treatment with 10% dimethylsulfoxide in 
phosphate-buffered saline (PBS) (22). For QT6 cells, calcium 
phosphate-mediated transactions were performed (15) with 
20 jig of plasmid followed by treatment with 10% dimethyl- 
sulfoxide in PBS. Cells were analyzed 40 h after transfec- 
tion. 

Immunoprecipitation and ATP-dependent release assay. 
Subconfluent 100-mm dishes of cells were washed with PBS, 
preincubated for 15 min at 37°C in DMEM lacking cysteine 
and methionine (labeling medium), and then incubated for 4 
h at 37°C with 2.0 ml of labeling medium supplemented with 
0.125 mCi of 35 S-tran j-label per ml and 0.125 mCi of [ 35 S] 
cysteine per ml (ICN Radiochemicals, Irvine, Calif.). After 
being labeled, cells were washed twice with cold PBS, 1 ml 
of TENT buffer (1% Triton X-100, 20 mM Tris, pH 8.0, 150 
mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluo- 
ride, 10 |xg of aprotinin per ml, 2 u,g of leupeptin per ml, 1 u,g 
of pepstatin per ml) was added to each dish, and the dishes 
were rocked for 20 min at 4°C. The ly sates were centrifuged 
for 10 min at 10,000 x g, and the supernatants were 
normalized for protein content. The cell lysates were incu- 
bated for 2 to 4 h at 4°C with 2 |xl of ascites fluid containing 
monoclonal antibodies against Wnr-l-specific peptide A, 5 ul 
of rabbit serum C34, or 5 \l\ of preimmune rabbit serum. 
Protein A-Sepharose (Sigma Chemical Co.) was used to 
collect the antigen-antibody complexes. Immunoprecipitates 
were washed four times with cold TENT buffer and then 
electrophoresed on 12.5% sodium dodecyl sulfate (SDS)- 
polyacrylamide gels. 

For the ATP-dependent release assay, immunoprecipita- 
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tions were carried out on 7R and 7dT cell lysates as 
described above. After the last wash, the immunoprecipi- 
tates were suspended in buffer (50 mM Tris, pH 7.5, 50 mM 
NaCl, 1 mM MgCl 2 ) in the presence or absence of 100 jiM 
ATP. After 10 min of incubation at 25°C, the Sepharose was 
pelleted by centrifugation, and the bound and released 
fractions were analyzed by 12.5% SDS-polyacrylamide gel 
electrophoresis. 

Immunoblot analysis. Wnt-1 immunoprecipitates were pre- 
pared as described above, fractionated by 10% SDS-poly- 
acrylamide gel electrophoresis, and then electroblotted onto 
a nitrocellulose filter. The protein blot was blocked for 1 h at 
25°C in Tris-buflfered saline (TBS) (10 mM Tris, pH 8.0, 150 
mM NaCl) containing 2% bovine serum albumin (blocking 
buffer A), washed once for 5 min with TBST (TBS with 
0.05% Tween-20), and then incubated for 4 h at 25°C with rat 
anti-BiP monoclonal antibodies diluted 1:25 in TBST. The 
primary antibody was removed, and the blot was washed 
three time for 5 min each in TBST, incubated for 1 h at 25°C 
with l:7,500-diluted alkaline phosphatase-conjugated anti- 
rat immunoglobulin G (IgG) (Promega) in TBST, and then 
washed three times in TBST. Enzymatic color development 
was done for 15 min in buffer containing 100 mM Tris, pH 
.9.5, 100 mM NaCl, 5 mM MgCl 2 , 330 |xg of Nitro Blue 
Tetrazolium per ml, and 165 u,g of 5-bromo-4-chloro-3- 
indolyl phosphate per ml. 

For the immunoblot analysis of Wnt-1 proteins and BiP in 
cultured mammary cells (see Fig. 5), immunoprecipitates 
were made from detergent lysates of subconfluent 100-mm 
dishes of C57MG cells and C57MG cells expressing a Wnt-1 
cDNA as described above. For the immunoblot analysis of 
Wnt-1 proteins and BiP in a mammary tumor (see Fig. 5), a 
mammary tumor from the Wnt-1 transgenic line 303 (47) was 
disrupted by Polytron homogenization in 4 ml of TENT 
buffer supplemented with 20 jig of leupeptin, 20 \ig of 
pepstatin, 100 fig of aprotinin, and 10 p.g of phenylmethyl- 
sulfonyl fluoride per ml. The lysate was centrifuged for 30 
min at 10,000 x g, and the supernatant was precieared with 
protein A-Sepharose; and immunoprecipitations were then 
carried out as described above. The immunoprecipitates 
from cultured mammary cells and a mammary tumor were 
fractionated on 10% SDS-polyacrylamide gels and then 
electroblotted onto nitrocellulose filters. One protein blot 
was blocked for 1 h at 25°C in TBS containing 1% bovine 
serum albumin and 0.2% Tween-20 (blocking buffer B) and 
then probed for BiP by using rat anti-BiP monoclonal anti- 
bodies followed by alkaline phosphatase-conjugated anti-rat 
IgG as described above. A separate protein blot, bearing 
identical samples as the BiP blot, was blocked with blocking 
buffer B and then incubated overnight at 4°C with monoclo- 
nal antibodies against Wnf-l-specific peptide A diluted 
1:2,000 in blocking buffer B. The primary antibody was 
removed, and the blot was washed three times for 5 min each 
in TBS containing 0.2% Tween-20, incubated for 1 h at 4°C 
with horseradish peroxidase-conjugated anti-mouse IgG an- 
tibodies (Amersham) diluted 1:20,000 in blocking buffer B, 
and then washed three times as described above. Bound 
antibodies were detected by using the Enhanced Chemilu- 
minescence (ECL) detection system (Amersham). 

RESULTS 

Intracellular Wnt-1 protein coimmunoprecipitate with a 
78-kDa protein. The production and processing of Wnt-1 
proteins were examined in the rat embryo fibroblast cell line 
7dT, which expresses Wnt-1 cDNA under the control of the 
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FIG. 1. A 78-kDa protein coimmunoprecipitates with Wnt-l pro- 
teins. (A) Different antibodies against Wnt-l proteins coimmunopre- 
cipitate p78. 7R and 7dT cells were metabolically labeled with [ 35 S] 
cysteine and [ 35 S]methionine; this was followed by detergent lysis. 
Cell extracts were immunoprecipitated with either anti- Wnt-l pep- 
tide A antibodies (anti-A), rabbit serum C34 against Wnt-l proteins 
(sera C34), or preimmune rabbit serum (preimmune). The immuno- 
precipitates were washed in buffer containing 1% Triton X-100 and 
then analyzed by 12.5% SDS-polyacrylamide gel electrophoresis. 
The positions of the major (40- and 42-kDa) and minor (36, 38, and 
44 kDa) W/i/-l-specific bands are indicated, as is that of the 
coimmunoprecipitating band (78 kDa). (B) p78 associates with 
Wnt-l proteins in transfected QT6 cells. QT6 cells were transfected 
with either a control vector (pON) or with a vector encoding Wnt-l 
protein (pON-W/i/-l). At 40 h posttransfection, immunoprecipitates 
with anti-W/i/-l peptide A antibodies were prepared and analyzed as 
described for Fig. 1A. Numbers to the left of the gels indicate 
molecular mass (in kilodaltons). 



Mo-MLV promoter and is transformed by mutant c-Ha-roj 
(see Materials and Methods). Wnt-l proteins produced in 
7dT cells were analyzed by metabolic labeling of cells 
followed by detergent lysis, and Wnt-l proteins were immu- 
noprecipitated by using ascites fluid containing mouse mono- 
clonal antibody against WnM-specific peptide A (see Mate- 
rials and Methods). As in earlier reports, five forms of Wnt-l 
proteins were detected: two major species of 40 and 42 kDa 
(p40 and p42) and minor species of 36, 38, and 44 kDa (p36, 
p38, and p44) (Fig. 1A). These proteins were not observed in 
control 7R cells (rat embryo fibroblasts transformed by 
mutant c-Ha-ray). Previous analysis of Wnt-l proteins pro- 
duced in 7dT cells indicated that p36 is an unglycosylated 
species that has probably undergone cleavage of the N-ter- 
minal signal peptide, whereas p38, p40, p42, and p44 were 
N-linked-glycosylated derivatives of p36 (3, 34). 

We noted that a protein of approximately 78 kDa (p78) 
coimmunoprecipitated with Wnt-l proteins from 7dT cell 
extracts but was not detected in 7R cell extracts (Fig. 1A). 
To demonstrate that p78 was associated with Wnt-l proteins 
rather than binding nonspecifically to the monoclonal anti- 
body, we repeated the immunoprecipitations from 7dT cells 
with a rabbit antiserum raised against Wnt-l protein ex- 



pressed in E. coli (serum C34). p78 again coimmunoprecip- 
itated with Wnt-l proteins (Fig. 1A), and neither Wnt-l 
proteins nor p78 were detected in control 7R cells. Associ- 
ation of p78 with Wnt-l proteins was also observed after 
immunoprecipitations with a rabbit antiserum directed 
against a Wnt-l -specific peptide B (data not shown). In 
addition, preimmune rabbit serum failed to immunoprecipi- 
tate Wnt-l proteins or p78. Therefore, several different 
antisera against multiple epitopes of the Wnt-l protein co- 
precipitated p78 with Wnt-l proteins, implying that p78 
associates with one or more forms of Wnt-l proteins in a 
complex that survives the conditions used for immunopre- 
cipitation. The W/i/-l/p78 complexes were very stable, re- 
sisting disruption by buffer containing 1% Triton X-100 and 
0.1% SDS or by a high salt concentration (data not shown). 

The association of p78 with Wnt-l proteins was also seen 
in other cell lines expressing Wnt-l proteins. Figure IB 
shows an analysis of proteins produced in the quail cell line 
QT6 transiently transfected with expression vectors (pON) 
expressing Wnt-l proteins (see Materials and Methods). 
Immunoprecipitations from pON-W/iM-transfected cells 
show a pattern of Wnt-l proteins similar to that seen in 7dT 
cells (Fig. 1A and B). p78 was found to coimmunoprecipitate 
with Wnt-l proteins and is not present in immunoprecipitates 
from QT6 cells transfected with a control plasmid. 

p78 is the binding protein BiP. Given that the intracellular 
forms of Wnt-l appear to be sequestered within the ER, the 
association of p78 was reminiscent of the association of the 
binding protein BiP with a variety of misfolded or unassem- 
bled secretory proteins within the ER (14, 37, 42). BiP is a 
78-kDa protein found in the ER (28); therefore, the size and 
presumed subcellular location of Wnt-l -associated p78 were 
consistent with this proposal. 

We investigated whether p78 might be BiP by using 
immunological criteria. Wnt-l immunoprecipitates from 7R 
cells, 7dT cells, and transfected QT6 cells were prepared by 
using several antisera against Wnt-l proteins (as described 
above). The proteins were fractionated in SDS-polyacryl- 
amide gels, transferred to nitrocellulose, and probed with a 
rat monoclonal antibody against mouse BiP. p78 was recog- 
nized by the anti-BiP antibody in immunoprecipitates from 
7dT cells and from QT6 cells expressing Wnt-l proteins but 
not in immunoprecipitates from 7R cells or control QT6 cells 
(Fig. 2). Once again, BiP was identified only in immune 
complexes bearing Wnt-l proteins. 

ATP-dependent release of BiP from Wnt-l. The BiP pro- 
tein, like other members of the HSP70 protein family, has an 
ATPase domain, and ATP has been shown to cause the 
release of BiP from associated proteins or peptides (6, 28). 
We therefore tested whether ATP could stimulate the disso- 
ciation of BiP from Wnt-l proteins in immunoprecipitates 
prepared from labeled 7dT cells as described above. The 
majority of BiP was released from the immune complex after 
incubation with ATP, whereas in the absence of ATP most 
BiP remained associated with Wnt-l proteins (Fig. 3). The 
small amount of BiP released in the absence of ATP may be 
due to endogenous ATP in the immune complex or to the 
increase in temperature to 25°C, since previous reports 
indicate that BiP binding may be sensitive to temperature 
(18). 

WnM proteins must enter the secretory pathway to Interact 
with BIP. We sought to determine whether entry into the 
secretory pathway was a prerequisite for association of 
Wnt-l with BiP. To address this point, we used a mutant 
cDNA that no longer encodes the N-terminal hydrophobic 
leader sequence, W/ir-l(AL). The normal and the leaderless 
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FIG. 2. Antibodies against BiP recognize p78. Immunoprecipi- 
tates from 7R cells, 7dT cells, and transfected QT6 cells were 
prepared as described for Fig. 1 by using either ami- Wn/-1 peptide A 
antibodies (Anti-A), rabbit serum C34, or preimmune rabbit serum 
as indicated, and then were fractionated on a 10% SDS-polyacryt- 
amide gel. The proteins were transferred to a nitrocellulose filter 
which was then probed with anti-BiP monoclonal antibodies. Bound 
antibodies were detected with alkaline phosphatase-conjugated anti- 
rat IgG as described in Materials and Methods. Numbers on the left 
indicate molecular mass (in kilodaltons). 



Wnt-l cDNAs were subcloned into the pON (12) expression 
vector and used to transfect COS-7 cells transiently. The 
pattern of Wnt-l proteins produced in wild-type vector- 
transfected COS-7 cells (Fig. 4) was similar to that seen in 
7dT cells and QT6 cells, and a protein of approximately 78 
kDa, which we presume to be BiP, coimmunoprecipitated 
with Wnt-l proteins. 

Immunoprecipitates from W>t/-l(AL)-expressing COS-7 
cells contain a protein of 36 kDa which comigrates with the 
leader-cleaved, unglycosylated protein in cells transfected 
with wild-type Wnt-l t but the lower-mobility forms were not 
observed (Fig. 4). Thus, the W/i/-l(AL) protein, p36, did not 
appear to be glycosylated, implying that, as expected, lead- 
erless Wnt-l proteins do not enter the secretory pathway. 
Moreover, the p78 (BiP) protein was not detected in Wnt-l 
(AL) immune complexes. This observation is consistent with 
the behavior of BiP as an ER luminal protein that interacts 
with proteins within the secretory pathway. The lack of 
association of WVif-l(AL) with p78 (BiP) also diminishes the 
possibility that wild-type Wnt-l proteins and BiP become 
associated after detergent lysis of cells ; We conclude that 
Wnt-l proteins must enter the secretory pathway in order to 
associate with BiP. 

Wnt-l proteins associate with BiP in mammary cells and 
mammary tumors. The experiments described thus far have 
been performed with fibroblasts programmed to produce 
Wnt-l proteins. Such cells are able to generate biologically 
active Wnt-l gene products, since they can serve as donors 
in paracrine assays (19, 36). Nevertheless, fibroblasts have 
not been shown to express endogenous Wnt-l genes, so it 
could be argued that interactions between BiP and Wnt-l 
proteins do not represent a naturally occurring phenomenon. 
For this reason, we have performed additional experiments 
with cultured mammary cells and primary mammary carci- 
nomas, in which Wnt genes are known to have biologically 
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FIG. 3. ATP-dependent release of BiP from Wnt-l immunopre- 
cipitates. WVif-l-containing immunoprecipitates from labeled 7dT 
cell extracts were prepared with anti-Wm-l peptide A antibodies as 
described for Fig. 1. The immunoprecipitates were then resus- 
pended either in buffer alone (- ATP) or in buffer with 100 u.M ATP 
(+ ATP) and incubated for 10 min at 25°C. The immune complex was 
then re pelleted, and released material in the supernatant (s) and the 
pellet (p) was analyzed by 12.5% SDS-polyacrylamide gel electro- 
phoresis. Numbers on the left indicate molecular mass (in kilodal- 
tons). 



significant roles. For example, MMTV-induced mammary 
cancer is associated with insertion mutation of Wnt-l and 
Wnt-l (31, 32, 41, 49); an MMTV-Wnt-l transgene causes 
hyperplasia and neoplasia of mammary glands (47); expres- 
sion of Wnt-l in an established mouse mammary epithelial 
line, C57MG, alters cell growth and morphology (4); and 
several members of the Wnt gene family, albeit not Wnt-l, 
are expressed during mammary gland development (10). 

Wnt-l immunoprecipitates from the C57MG mammary 
epithelial cell line and a C57MG cell line which expresses 
Wnt-l cDNA under the control of the Mo-MLV promoter 
were prepared by using antibodies against W/if-l-specific 
peptide A (as described above). We also prepared Wnt-l 
immunoprecipitates from a Wnt-l transgenic mouse mam- 
mary tumor by using two sources of antibodies; this trans- 
genic mouse line bears a Wnt-l transgene with the MMTV 
long terminal repeat positioned 5' of the first Wnt-l exon in 
a transcriptional orientation opposite that of the gene. Im- 
munoblots were carried out to ascertain whether Wnt-l 
proteins (Fig. 5A) and BiP (Fig. 5B) were present in the 
immunoprecipitates. Two major species of Wnt-l proteins, 
p40 and p42, were detected in C57MG cells expressing Wnt-l 
cDNA (Fig. 5A, lane 2) but not in control C57MG cells (Fig. 
5A, lane 1). The p40 and p42 Wnt-l species were also 
detected in a Wnt-l transgenic mouse mammary tumor when 
W/if-l-specific antibodies were used in immunoprecipita- 
tions (Fig. 5 A, lanes 3 and 5), but not when preimmune 
rabbit serum was used (Fig. 5 A, lane 4). BiP was detected in 
immunoprecipitates in which Wnt-l proteins were present 
(Fig. 5B, lanes 2, 3, and 5) but not in control immunopre- 
cipitates (Fig. 5B, lanes 1 and 4). We conclude that BiP is 
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FIG. 4. Leaderless Wnt-1 proteins do not associate with BiP. 
COS-7 cells were mock transfected (-) or transfected with vectors 
which express either wild-type Wnt-1 proteins (wt) or leaderless 
Wnt-1 proteins (AL) encoded by mutant Wnt-1 cDNA lacking 
codons 2 through 27. At 40 h posttransfection, cells were metabol- 
ically labeled and cell extracts were prepared by detergent lysis as 
described for Fig. 1. Labeled proteins were immunoprecipitated 
from the extracts With anti- Wnt-1 peptide A antibodies and analyzed 
by 12.5% SDS-polyacrylamide gel electrophoresis. Numbers indi- 
cate molecular mass (in kilodaltons). 



associated with Wnt-1 proteins which are produced in cul- 
tured mammary epithelial cells or in mouse mammary gland 
tumors. 
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FIG. 5. Wnt-l proteins associate with BiP in mammary cells and 
mammary tumors. Cell extracts from C57MG cells or C57MG cells 
expressing Wnt-1 proteins were immunoprecipitated with anti- Wnt-1 
peptide A antibodies (Anti-A). Extracts from a mammary gland 
tumor of a Wnt-l transgenic mouse (mammary tumor) were immu- 
noprecipitated with either anti- Wnt-l peptide A antibodies (Anti-A), 
preimmune rabbit sera (Pre), or rabbit serum C34 (C34). The 
immunoprecipitates were fractionated on a 10% SDS-polyacryl- 
amide gel and transferred to a nitrocellulose filter. (A) The filter was 
probed with anti- Wnt-l peptide A monoclonal antibodies, and bound 
antibodies were detected with horseradish peroxidase-conjugated 
anti-mouse IgG as described in Materials and Methods. (B) The filter 
was probed with anti-BiP monoclonal antibodies, and bound anti- 
bodies were detected with alkaline phosphatase-conjugated anti-rat 
IgG as described in Materials and Methods. mock-infected cells. 
Numbers indicate molecular mass (in kilodaltons). 



DISCUSSION 

We have shown that a 78-kDa protein (p78) is associated 
with the intracellular forms of Wnt-1 proteins and have 
demonstrated that p78 is the binding protein BiP by immu- 
nological , genetic, and biochemical criteria. Wnr-l-associ- 
ated p78 is recognized by rat anti-BiP antibodies, can be 
released from Wnt-1 proteins in an ATP-dependent fashion, 
and does not associate with a mutant Wnt-1 protein that 
cannot enter the secretory pathway. 

Wnt-1 proteins are believed to function as secreted growth 
factors or morphogens, and BiP is an ER iumenal protein 
which binds misfolded proteins, preventing their secretion 
(14, 37). A variety of cell lines expressing Wnt-1 cDNA have 
been used to demonstrate that Wnt-1 proteins enter the 
secretory pathway and are glycosylated but do not transit 
efficiently through the secretory pathway (2, 25, 33-35, 45). 
On the basis of the proposed functions of BiP (14, 37), we 
believe that the majority of the intracellular forms of Wnt-1 
proteins have not achieved their correct conformation and 
are retained in the ER through association with BiP. By 
analyzing the stoichiometry of this interaction, we found that 
the majority of Wnt-1 proteins are bound to BiP (21), 
suggesting that BiP binding is the primary determinant for 
the retention of Wnt-1 proteins within the ER. A small 
proportion of Wnt-1 proteins produced in these cell lines 
must achieve their correct conformation, since extracellular 
Wnt-1 proteins have been detected (2, 21, 33, 35). 



Mammary epithelial cells expressing Wnt-1 proteins un- 
dergo morphological transformation and altered growth 
properties (4, 39), and normal mammary cells express other 
members of the Wnt gene family encoding proteins likely to 
be structurally similar to Wnt-1 proteins (10). We have 
demonstrated that Wnt-1 proteins are associated with BiP in 
cultured mammary epithelial cells transformed by an exog- 
enous Wnt-1 gene and in a Wnt-1 transgenic mouse mam- 
mary tumor. In these settings, Wnt-1 proteins must have 
achieved their correct conformation, but a proportion of 
Wnt-1 proteins are still bound to BiP and are presumably 
retained within the ER. 

The examination of a mouse mammary tumor provides the 
first demonstration that Wnt-1 proteins are produced in the 
Wnt-1 transgenic mouse line. The processing of Wnt-1 pro- 
teins appears to be very similar in mammary tumors and in 
cultured mammary epithelial cells. In addition, we have 
shown that Wnt-1 proteins are associated with BiP in a tissue 
sample taken from a whole animal. 

The determinants of a newly made or misfolded secretory 
protein that are recognized by BiP are not well defined. BiP 
will bind to short peptides (6) and exhibits a preference for 
aliphatic residues (7). BiP has been proposed to interact with 
exposed hydrophobic patches (37), distinct conformations 
such as an extended chain, or reduced cysteines that have 
not been incorporated into disulfide bonds (44). Incomplete 
glycosylation of several secretory peptides has also been 
correlated with increased BiP binding (5). The Wnt-1 gene 
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encodes four potential sites of N-linked glycosylation, one of 
which is used inefficiently (3, 23, 34). Lack of glycosylation 
at this site may affect the conformation of Wnt-l proteins and 
lead to BiP binding. 

The lumen of the ER is the site of a number of enzymes 
responsible for the posttranslational modification of secre- 
tory proteins, including signal peptidase, oligosaccharyl 
transferase and glucosidase, prolyl and lysyl hydroxylases, 
and protein disfulfide isomerase (8). It is possible that in the 
cell lines we have analyzed, one or more of these activities is 
not present in sufficient quantities to fully process Wnt-l 
proteins and allow proper folding within the ER. For in- 
stance, 23 of the 370 primary amino acids of Wnt-l are 
cysteines; attaining the correct disulfide-bonded state of 
such a cysteine-rich protein may be a difficult task. Protein 
disulfide isomerase catalyzes native disulfide bond formation 
during secretory protein biosynthesis (8) and is found in 
abundance in secretory cells, but it may be insufficiently 
represented in the cell lines we have analyzed. Alternatively, 
Wnt-l proteins may require oligomerization via disulfide 
bonds in order to achieve a correct conformation. Disulfide- 
linked multimers of Wnt-l have been detected (33); however, 
these multimers are thought to form as a consequence of 
overexpression of Wnt-l proteins, and there is as yet no 
direct evidence that Wnt-l multimers are the active forms of 
the protein. 

Wnt-l proteins may require association with other pro- 
teins in order to form secretion-competent or correctly 
folded proteins; however, extracellular Wnt-l proteins have 
not been found in association with other proteins (2, 21, 35). 
The Wnt-l gene is normally expressed in the developing 
nervous systems of mouse embryos and in spermatids of 
adult mouse testes (43, 51). Factors which either process or 
bind specifically to Wnt-l proteins and allow the native 
conformation to be achieved may be expressed only in these 
tissues. Efforts to determine whether BiP is associated with 
endogenous Wnt-l proteins in embryos and testes might help 
to resolve such questions. 
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